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ABSTRACT: Canine?1 adenovirus type 1 (CAdV-1) is
the agent of infectious canine hepatitis, a severe
frequently fatal disease affecting primarily dogs
(Canis lupus familiaris). The virus has been
detected in many wild carnivore species. Our
aim was to evaluate the prevalence and genetic
and histopathologic features of CAdV-1 in wild
red foxes (Vulpes vulpes). Kidney and liver
samples were obtained from 86 subjects, coming
from the UK (n¼21), Italy (n¼36), and Germany
(n¼29). We used PCR, targeting the viral E3 gene
and flanked regions, to detect the presence of the
virus; viral E3, fiber, and E4 genes were
sequenced and their sequences were compared
with published sequences. Kidneys and liver from
foxes in Italy and Great Britain (n¼57) were
prepared for histologic and immunohistochemical
examination for CAdV-1. Viral DNA was detected
in 22% (19 of 86) kidney samples, with E3 and E4
genes showing reported and unreported single
nucleotide changes. No pathologic changes or
viral immunopositive signals were detected in the
examined tissues. Our study suggests that red
foxes could be considered potential shedders of
CAdV-1, as they showed a relatively high preva-
lence without related pathologic changes in the
organs examined.
Key words: Canine adenovirus, immunohisto-
chemistry, molecular epidemiology, red fox,
sequencing, Vulpes vulpes.
Canine adenovirus type 1 (CAdV-1) is a
double-stranded DNA virus and an agent of
infectious canine hepatitis, a frequently fatal
disease of carnivores including domestic dogs
(Canis lupus familiaris). This infection also
occurs in several free-ranging and captive wild
carnivores such as brown bear (Ursos arctos),
striped skunk (Mephitis mephitis), and Eur-
asian otter (Lutra lutra), causing subclinical
disease and sporadically epizootic episodes
(Woods 2001; Knowles et al. 2018).
CAdV-1 circulates in European red fox
(Vulpes vulpes) populations (A˚kerstedt et al.
2010), with serologic prevalences ranging
from 3.5% in Germany (Truyen et al. 1998)
to 64.4% in the UK (Walker et al. 2016a). The
early detection of possible new genetic
variants of CAdV-1 in wildlife by molecular
studies could represent an important surveil-
lance tool to evaluate the potential threat for
other wild or domestic species, especially in
those countries with a high level of urbaniza-
tion.
We characterized the prevalence and ge-
netic features of CAdV-1 in red foxes in one
Mediterranean country (Italy), one western
European country (UK), and one central
European country (Germany), adding molec-
ular epidemiologic data about this pathogen.
Eighty-six red foxes (Italy, n¼36; UK, n¼21;
and Germany, n¼29) were examined. All foxes
from Italy and from the UK were shot during
the regular hunting season (October to
February 2018) ?2in the province of Pisa,
central Italy (43843 0N, 10824 0E), and in
Cheshire County (538100N, 28350W), respec-
tively. Foxes from Germany were obtained
within the framework of the official rabies
monitoring program of the German federal
states of Berlin (528310N,8230E) and Branden-
burg (528210N,800E). Only nonautolyzed car-
casses were included. Age was determined by
means of dry eye lens weight (Verin et al.
2010), and foxes were divided into two
categories: juveniles, ,1 yr old and adults,
.1 yr old. Samples of liver and kidney were
collected from foxes from Italy and the UK
during postmortem examinations for both
histopathologic and molecular analyses. Sam-
ples from Germany were only used for
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molecular analyses (no histopathologic sam-
ples were available).
Once fixed in formalin, the tissues were
routinely processed for histopathology on
tissues stained with H&E. We used a
commercial goat polyclonal antibody cross-
reacting with numerous adenoviruses (0151-
9004, AbD Serotech, Kidlington, Oxford, UK)
for immunohistochemistry. Liver sections
from a serology-positive and PCR-confirmed
naturally CAdV-1–infected dog were used as
positive controls. The samples for molecular
analysis were stored at 80 C and later used
for DNA extraction.
We extracted DNA for 25 mg of tissues
using the DNAeasy mini kit (Qiagen, Man-
chester, UK), following the manufacturer’s
instructions, and the samples were submitted
to CAdV PCR. The assay amplifies the canine
adenovirus E3 gene and flanked regions,
producing fragments of different lengths that
allowed for differentiation between the two
adenovirus types: 508 base pairs (bp) for
CAdV-1 and 1,030 bp for canine adenovirus
type 2 (CAdV-2), respectively (Hu et al. 2001).
We used DNA extracted from a paraffin-
embedded liver of a dog with confirmed
canine infectious hepatitis as a positive control
for CAdV-1. We used DNA extracted from
the Nobivac vaccine (MSD Animal Health Srl,
Milton Keynes, UK) and the Eurican Epta
vaccine (Merial SpA, Lyon, France) as CAdV-
2 positive controls.
We submitted each positive sample for
additional PCRs, targeting the E3, fiber, and
E4 genes (Walker et al. 2016b), and the
amplicons were directly sequenced (BMR
Genomics, Padova, Italy). Nucleotide se-
quences were assembled using BioEdit 7.2.5
(Hall 1999) and aligned with the reference
sequence of canine adenoviruses from Gen-
Bank (AC_000003.1). Phylogenetic relation-
ships were evaluated using MEGA 6.0.6
(Tamura et al. 2013).
Histopathologic examination of livers and
kidneys did not reveal relevant pathologic
changes (i.e., presence of intranuclear viral
inclusion bodies, hepatic necrosis, and vascu-
litis) related to adenoviral infection. Similarly,
immunohistochemistry did not show positive
immunostaining in any of the samples exam-
ined.
Amplicons of 508 bp corresponding to
CAdV-1 were detected in 22% (19 of 86) of
kidney samples, whereas none of the hepatic
samples tested positive in the PCR.
Kidneys were positive in 38% (8 of 21) of
foxes from the UK, 28% (10 of 36) of foxes
from Italy, and 3% (1/29) of foxes from
Germany. Positive foxes from the UK were
all classified as adults, and only one of eight
foxes was a female. Positive samples from
Italy were from five male and five female
foxes and equally distributed in age classes
(five adults and five juveniles). The only
positive fox from Germany was an adult male
(Table 1). All sequences shared a high
identity rate from 99% to 100%, irrespective
of the geographic origin. The phylogenetic
analysis showed a strict relation between all
the CAdV-1, in particular between the
Italian and English clusters (Fig. 1). By
comparing the sequences that we deter-
mined to those identified in a previous study
(Walker et al. 2016b), two single nucleotide
(nt) changes were confirmed: nt 29912 from
A to G and nt 30070 from G to A in E4.
These changes were observed in all positive
samples from the UK and in the positive fox
from Germany. Unreported single nucleo-
tide changes were identified in E3 gene
sequences (nt 25513 from G to A) and E4
gene sequences (nt 29763 from G to A;
29987 from G to A) obtained from all the
Italian positive samples (Table 2). Interest-
TABLE 1. Canine adenovirus type 1 PCR-positive red
foxes (Vulpes vulpes) sampled in Italy, UK, and
Germany and divided by country, sex, and age.
% PCR positive (no. positive/no. tested)
Adult Juvenile Total
Country Male Female Male Female
Italy 17 (3/18) 25 (2/8) 50 (2/4) 50 (3/6) 28 (10/36)
UK 47 (7/15) 20 (1/5) 0 (0/1) —a 38 (8/21)
Germany 9 (1/11) 0 (0/5) 0 (0/8) 0 (0/5) 3 (1/29)
Total 23 (14/62) 21 (5/24) 22 (19/86)
a — ¼ not sampled.
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ingly, the mutation in nucleotide position
25513 of the E3 gene resulted in an amino
acid substitution from glycine to glutamate,
whereas the mutation in nucleotide position
29987 of the E4 gene resulted in a change
from phenylalanine to serine. We did not
observe the nucleotide mutations recently
reported in the hexon and fiber genes of
FIGURE 1. Molecular phylogenetic analysis by maximum likelihood method for E3 and E4 sequences. The
evolutionary history was inferred by using the maximum likelihood method based on the Kimura two-parameter
model. The trees are drawn to scale, with branch lengths measured in the number of substitutions per site. The
analysis involved 18 nucleotide sequences (E3 amplicons) and 20 nucleotide sequences (E4 amplicons). The
sequences obtained in this study are highlighted in bold.
TABLE 2. Nucleotide changes among canine adenovirus type 1 (CAdV-1) complete genome reference sequence
AC_000003.1 and those obtained in this study divided by country.a?4
Sequence source E3 ORFA Hexon E4 ORFA E4 ORFA E4 ORFA
AC_000003.1 residue position 25513 29763 29912 29987 30070
AC_000003.1 nucleotide G G A G G
Walker et al (2016b) Nd Nd A.G Nd G.A
Italian foxes A A A A G
English foxes G G G G A
German foxes G G G G A
a Nd¼ no nucleotide change detected compared with CAdV-1 sequence AC_000003.1. A.G or G.A: detection of nucleotide changes
in a set of sequences recently reported in red foxes (Walker et al 2016b). A ¼ adenine; G ¼ guanine.
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CAdV-1 in two Italian dogs (Balboni et al.
2017).
Our study, along with others, supported the
presence of CAdV-1 in red foxes in several
European countries. The evidence of the virus
in kidneys of healthy subjects may support the
hypothesis that red foxes represent a source of
infection for other species. The absence of
pathologic lesions referable to CAdV-1 infec-
tion in the liver and kidney, as well as the
positive results obtained by PCR in kidneys,
reinforces the role of the red fox as a possible
shedder for this virus; nevertheless, a limit of
our study could have been the restriction of
sampling to two organs, without including
other target organs such as brain (despite the
minor epidemiologic role this organ can play).
We observed PCR positivity only in kidney
samples, suggesting a potential for excretion
in urine, as reported in dogs (Greene 2012).
In fact, red fox, based on the results of our
study and recent literature (Balboni et al.
2013; Walker et al. 2016b; Hechinger et al.
2017), not only harbors low CAdV-1 loads but
also seems to have developed tolerance, as
CAdV-1-typical lesions (at least in the tested
organs) or outbreaks are rarely reported
(Thompson et al. 2010; Walker et al. 2016a).
In the UK, the red fox is the only free-ranging
canid and is deemed to be the primary wildlife
shedder of CAdV-1, whereas in other coun-
tries, additional canid species may share this
epidemiologic role. This possibility should be
investigated further, and more species should
be included in future surveys.
Genetic variations were identified previous-
ly (Walker et al. 2016b) as a result of a genetic
drift in relation to distinct and separate
geographic areas, suggesting a variable rate
of divergence in different CAdV-1 genes. This
indicates that the sequences from CAdV-1
field strains circulating in wild animals differ
among them and differ from sequences
reported in domestic dogs in Europe. We
found three previously unreported new mu-
tations in the Italian strains. The new
mutations suggest a geographic pressure in
Italy for CAdV-1 antigenic drift, as in the UK
(Walker et al. 2016b). Nevertheless, in silico
studies, performed to predict possible protein
and RNA folding changes introduced by the
amino acid substitution in the E3 gene, did
not show any potential differences with the
reference strains and should be interpreted as
synonymous mutations. The absence of rele-
vant pathologic differences compared with the
animals infected with different strains should
also be considered. ?3
Future studies are needed on the stability
of the mutations that we reported herein.
Also, it would be important to understand
whether the genetic variants reported in this
study are present in red foxes as well as in
domestic dogs of other regions. Because of the
number of nonvaccinated stray dogs in Italy, it
is pivotal to consider these animals as playing
an active role in the circulation of CAdV-1.
Stray dogs may have more chances to interact
with wild animals than owned dogs. These
studies would be essential to quantify a
possible risk of infection for wild and domestic
animals.
LITERATURE CITED
A˚kerstedt J, Lillehaug A, Larsen IL, Eide NE, Arnemo
JM, Handeland K. 2010. Serosurvey for canine
distemper virus, canine adenovirus, Leptospira inter-
rogans and Toxoplasma gondii in free-ranging canids
in Scandinavia and Svalbard. J Wildl Dis 46:474–480.
Balboni A, Dondi F, Agnoli C, Verin R, Gruarin M,
Morini M, Battilani M. 2017. Novel sequence
variants of viral hexon and fibre genes in two dogs
with canine adenovirus type 1-associated disease. Vet
J 223:73–75.
Balboni A, Verin R, Morandi F, Poli A, Prosperi S,
Battilani M. 2013. Molecular epidemiology of canine
adenovirus type 1 and type 2 in free-ranging red foxes
(Vulpes vulpes) in Italy. Vet Microbiol 62:551–557.
Greene CE. 2012. Infectious canine hepatitis and canine
acidophil cell hepatitis. In: Infectious diseases of the
dog and cat, 4th Ed., Sykes JE, Greene CE, editors.
Elsevier Health Sciences, St. Louis, Missouri, pp. 42–
48.
Hall TA. 1999. BioEdit: A user-friendly biological
sequence alignment editor and analysis program for
Windows 95/98/NT. Nucleic Acids Symp Ser 41:95–
98.
Hechinger S, Scheffold S, Hamann HP, Zscho¨ck M. 2017.
Detection of canine adenovirus 1 in red foxes (Vulpes
vulpes) and raccoons (Procyon lotor) in Germany
with a TaqMan real time PCR assay. J Vet Diagn
Invest 29:741–746.
Hu RL, Huang G, Qiu W, Zhong ZH, Xia XZ, Yin Z. 2001.
Detection and differentiation of CAV 1 and CAV-2 by
//titan/Production/j/jwdi/live_jobs/jwdi-55/jwdi-55-04/jwdi-55-04-40/layouts/jwdi-55-04-40.3d  30 May 2019  12:00 pm  Allen Press, Inc. Page 4
4 JOURNAL OF WILDLIFE DISEASES, VOL. 55, NO. 4, OCTOBER 2019
polymerase chain reaction. Vet Res Commun 25:77–
84.
Knowles S, Bodenstein BL, Hamon T, Saxton MW, Hall
JS. 2018. Infectious canine hepatitis in a brown bear
(Ursus arctos horribilis) from Alaska, USA. J Wildl
Dis 54:642–645.
Tamura K, Stecher G, Peterson D, Filipski A, Kumar S.
2013. MEGA6: Molecular evolutionary genetics
analysis version 6.0. Mol Biol Evol 30:2725–2729.
Thompson H, O’Keeffe AM, Lewis JCM, Stocker LR,
Laurenson MK, Philbey AW. 2010. Infectious canine
hepatitis in red foxes (Vulpes vulpes) in the United
Kingdom. Vet Rec 166:111–114.
Truyen U, Mu¨ller T, Heidrich R, Tackmann K, Carmi-
chael LE. 1998. Survey on viral pathogens in wild red
foxes (Vulpes vulpes) in Germany with emphasis on
parvoviruses and analysis of a DNA sequence from a
red fox parvovirus. Epidemiol Infect 121:433–440.
Verin R, Poli A, Ariti G, Nardoni S, Fanucchi BM,
Mancianti F. 2010. Detection of Leishmania
infantum DNA in tissues of free-ranging red foxes
(Vulpes vulpes) in central Italy. Eur J Wildl Res 56:
689–692.
Walker D, Abbondati E, Cox AL, Mitchell GB, Pizzi R,
Sharp CP, Philbey AW. 2016a. Infectious canine
hepatitis in red foxes (Vulpes vulpes) in wildlife
rescue centres in the UK. Vet Rec 178:421.
Walker D, Fee SA, Hartley G, Learmount J, O’Hagan MJ,
Meredith AL, de C Bronsvoort BM, Porphyre T,
Sharp CP, Philbey AW. 2016b. Serological and
molecular epidemiology of canine adenovirus type 1
in red foxes (Vulpes vulpes) in the United Kingdom.
Sci Rep 6:36051.
Woods LW. 2001. Adenoviral diseases. In: Infectious
diseases of wild mammals, 3rd Ed., Williams ES,
Barker IK, editors. Iowa State University Press,
Ames, Iowa, pp. 202–212.
Submitted for publication 21 December 2018.
Accepted 22 March 2019.
//titan/Production/j/jwdi/live_jobs/jwdi-55/jwdi-55-04/jwdi-55-04-40/layouts/jwdi-55-04-40.3d  30 May 2019  12:00 pm  Allen Press, Inc. Page 5
SHORT COMMUNICATIONS 5
Queries for jwdi-55-04-40
1. Author: This article has been lightly edited for grammar, style, and usage. Please compare it with your original
document and make corrections on these pages. Please limit your corrections to substantive changes that affect
meaning. If no change is required in response to a question, please write ‘‘OK as set’’ in the margin. Copy editor
2. Author: Please provide year (2017?) for October as beginning of hunting season. Copy editor
3. Author: Are edits to sentence ‘‘The absence of relevant . . . also be considered’’ OK? Please confirm or amend as
appropriate for intended meaning. Copy editor
4. Author: If possible, please add spelled-out form of ORF to the abbreviations footnote of Table 2. Thank you. Copy
editor
